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is report was prepared by the Pennsylvania Staste University
under USAF Contract Su. AF 33(138)-12193. The contract vas initiated
under Tas< Ha. 73313 Uomerly 205 No. 513-15, MHydrauiic Fiwlds and
Lubricants #X-1576") .and was adzimistered under the directfon of the
Materials Laboratery, Directoraie of Regearch, Wright Air Development
Center, with Mr. R. W. Sneed acting as project engineer.

Research work for the Air Force on Fluids, Lubricants, Fuels
and Related Materials by this laibomatory has been a conbtinuous project
since March 1941. The work frcs March 1541 to July 1945 was conducted
under National Defense Research Committee Contract ORMsrf08. Work. frem
July 1945 to October 1951 was ccaducted under Navy Contract NOrd 7958(B).
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ABSTRACT

This report describes work carried out on a continuing project
to develop improved fiuids, lubricants, and fuels for use by the.Air
Force. The curreni report deals pri-arily with the developzment of high
+ezperature bydraulic fiuid and jet engine lubricant and the siudy of
dxrtiness characteristics of Jet fuel at elevatsd temperatures.
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The uydraulic fiuid development goal is a fluid-suitable for :

. use ¢t 7O0°F. for a limited time in a sealed hynra.ulic unit. The i
prozerties of high quality exazples of the foliowing chemical classss -
have been measured; silicores, silicate esters, diesters, pentaery- ? )

thritol esters, silicone-ester blends, mineral oils, synthetic hydro-

carbons, polyglycoi ethers, chlorinated aromatic hydrocartons, ané aryl
- phosphates. The properties measured include: viscesities from C* to
{ +7C0*F., thermal stabilities froa 500° to 750°F., oxidation and corro-
sion stabxlity at 347° and 500°F., and ormu-o:: irp a hydravlic pup
(vane type) at 500° to 600°F.

The Jet engine lubricant goal is a fluid suitable for use
for extendeu pe-iods at 500° to 600'1-‘. bulk oil tezperature. The size
3 general chemical ciasses 2nuzerated for hydraulic fluids have been B
E included in the engire oil studies. Particular exphasis in the jJet
= engine oil studies has been placed on lubricity studies and severe
oxidation and corrosion evaiuations at 500°F.
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Jet fuel dirtiness has been studied from two basic appreaches.
An attcapt has been made to remove the dirty components from a fuel by
ii physical separaticn t/zchnigues. Secondly, a laboratory method of
! 1 reprcducing high tesperature dirtiness in jet fuels is being studied.

TN A

ST e e

A Coupled witn the above programs, some miscellaneous investi-
i gations of hydraulic fluid and lubricant problems have been conducted R 4
- at the request of the Services. In addition, dsccsity standards, é
experizental fluid and lubricant formulatiens, and reports prepared by 2 3
;-! this Laboratory have been distributed at the request of industry and .
I the Services. i
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PUBLICATION REVIEW

This report has been reviewed and is approved.
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HIGH TEMPERATURE HYDRAULIC FLUID STUDIES., Hith respect to
high temperature hydraulic fluid development, zmphasis is being placed
on the actual measurement of propertiss and the testing of the fluids
at high temperatures, as opposed to the extrapclation of fluld behavior
as drterzined at lower ts:peratures. .--M.ary work dcoussed in
this report indicates the value of such a program. That is, .,igniticant
2if{ey ~res are shown to exist between extrapolaten veiues and determined
values in vorms o properti"s such a5-oxidation : nd- C“x‘r"sio'x stability,
therzal s.ability, iubricity level, and vi:cosity-w.zpe"a.,u:e character—
istics.

Base stock components, as well as. dczme finished“fomulatmns,
representing variov~ chemical classes are being eva.lua‘ed in these |
studies. Classec -;pvesented in current siudies are silicones, sili=
cates, diesters, silicone-diester blendS, pentaerythritol” esters, minerai
oils, synthetic hydrocarbons, po.y;.;lycol ethers, chlorinaved: aunat es,
and a.ryl phosphates.

Low teamperature limits have been re].axed -for these studies.,
Also, some materials of construction are eliminated:due to the high
temperature operational requirements. This allows the recnnsn.deration
of some materials elirinated at lower temperatures for reas such as
Jow temperature behanor, metal corrosion, a.nd mbber s\‘e]ling

Apparatus and a procedure for the meast.renent of the v:tscosity
of fluids.and lubricants at femperatures wp t6,700°F. have been developed.
Operation of the viscemeter i3 no more diffisult at temperaturés in the
range of 500° to 70C°F: than in a censtant tmperstm‘e bath at 100°F. The
standard ASTH viscosity-temperature chath has been ‘extended to include.
temperatures up to 700°F. and viscosity values down to 0.4 . a centi-
stoke. Some experimental vfscasity values_are gi.ven. “These values poin:
cut the deviation of the:dctérmined values Irom.the’ va.lues extrapolated
from the stendard ASTM viscosity-t.enpemture ckart.

It is incicated that high temperature hydrzaulic systems will
be sc.)<d cr pressurized units, This tends to shift the primary saphasis
3 fludd e"aluation from cxidation stabllity to themmal stability. Iwo
types of ho ™ S-uperature.thermal stability:zvaluations are discussed.
In one case, d“('c:Aposition products can escape through a Jiquid seal,

In the second case, all d position products are confined-in a stain-
less steel preasure cylinder. This shift in primary emphasis from oxida-
tion to thermal stability is showa to cause a change in the ‘relative
positicns of the verious compounds. Data are presented indicating that
a decrease in thermal stability can result from the inclusinn of certain
additives in a finished-formulation. .

It is indicated that 7&)'?. hydraulic systezs maz have to be
designed on the basis of greater infleomability hazards because of the
presence of szall amounts of decomposition products in tite systez. The
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relative positions of the various classcs of compounds 1isted above, in i’
terns of thermal stability, are shown.

Ccnventional hydraulic .fluids make use of polymerde thickeners
to achieve good viscosity-temperature characteristics, Datz are presented
to indicate that none of the conventional polymeric thickeners is thermaliy
stable at thess higher texzperatures.

halatively mild oxidation and corrosion tests at 500°F. have
‘~eg<n conducted to-show the effect of air leakage-intc 2 closed hvdraulic
systen., Bsswe -;a.lly all of the compositions tested show a capacity to
assizilate z2231 amount: of oxygen without serious ucterlomt..::: r
dirtiness. N -
! Trace dirtiness caused by the use of phenothiazine as an oxida-
tion inhibitor in dibasic acid ester compositions has been studied. The
effect of tricresyl phosphate cn the thermal, oxidation, and corrosion
stability of ester-base compositions has been measured.

A program to study the effect of oil deterioration on the
operation of close clearance slide valves in hydraulic systems is des—
cribed. Trace dirtiness cccurring within the stable life of an aster
£luid appears to cause no appreciable charge in slide valve friction.
Relatively cevsre oxidation of the ester at S00°F. causes a large
increase in slide valve friction. The friciion increase is sttributed
to the formation of a hard lacquer-like deposit.

The interrclation of copper-beryllium alloy and.the ‘oxidation
and corrosion deterioration of several fiuids and.lubricants is shown.
Copper-beryllium appears to have some éffect on the oxidation stability
of flulds and lubricants. This effect appears to be intermediate between
that shown by metals such as copper and bronze and that exerted by metals
such as steel and aluwimm. The copper-beryllimm elloy does not appear -
to be affected adversely by the test flulds studied.

A mcck-up hydraulic system has been cons*ructed for operation
at temperatures up to 600°F. A Vickers model VT4-100-40-75-10 vane P,
designed for auwtomotive hydraulic steering units, has been found to give
satisfactoxy operaticn at temperatures up to 600°F. with a mineral oil
fiuid. The design of the pump minimizes the problems of mechanical
failure and allows fluid testing to go forward without a meltiplicity of
mechanical problems. A fluidized-solids bed type of heat exchanger has
been used successfully to supply heat to the test fluid cycle \dthgut
local cverheating of the fluid. Observations at 500°F. have been made
concerning lubricity, rubber compatibility, oxidatlive and thermal sta-
bility, and shear behavior of the lubricint. In addition to the weight
loss sustained by the vanes, two other methods for the evaiuaticn of
lubricity of the test flui} have evolved. In the case of rathsr severe
wear, colloidal metal particles appsar in the fluid stream, Secondly,
the critical wearing areas on the valve plate and the cam ring have heen
evaluated for surface roughness with a Brush Development Co. surface
analyzer. The relative behavior of various fluids proposed for use as
high temperature lubricants is discussed. In general, the mineral oils,
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esters, and poiyglycel ethers show adequate lubricity whiie the silicates
and a silicone-ester blend (SD-17) show poor lubricity at 500¢F. in this

vane pump. A1l of the fluids evaluated showed adeguate stability for four
hours at 550°F, maximum oil temperature in this hydraulic system vhich “ia
open to the atlosphere.

Hiae d s Loar ageren

A survey report, PRL 6.3-Dec53 entitled "Some Properties- oi‘~ Spec.
M11-0-5606 Hydraulic Fluid at Elevated Temperatures" has been issued: - High
tenp-_ratnre stability properties of-Spec. MIL-0-5606 are emphasized. B;eport
PRL 6 3-Dec53 is attached to ihis report as Appendir A,

KICH TEIPTATURE JET ENGIMS OlL STUDIES. Mich of'the data
ottaired in the studies with high temperature hydraulic fluids 2l=o finds
applicacion in the-work carried out on high temperature Jet engine oils.
However, the jet engine oil requirements are somewhat move severe in that
low temperature requirements are retained, more active metals of construc-
tion are present, and, because the systems are not readily sea.led, oxida-
tion stability is of major importance. Fluld lubricity is aiso a major
requirerent of jet engine oil. The classés of chemicals being surveyed
as high temperature jet enginc oils include, as in the case of the hydraulic
fluid survey, the following: silicones, silicate esters, dlesters, penteery-
thritol esters, monoesters, mineral oils, synthctic hydrocarbons, poly=
giycol ethers, chlorinated hydrocarbons, and aryl phosphates.

The evaluation of some additional materials for use as lubricity
additives in improved lubricants is described. A series of ccupounds
containing an acid hydrogen along with other.elements, such as-chlorine
or sulfur which are present in some conventioral extreme-pressure addi-
tives, have been studlied as additives in-ester- and mineral cil-basc
fluids. In general, these materials are not competitive with the alkyl
acid phosphites on the basis of solubility, lubricity izprovement, and
metal corrosion under the conditions of the Spec. MIL-1-~7808 ox.id'xtion
and corrosion test.

The study of the effect of storage time on neutralization
number increase and lubricity of Spec. MIL-L-7808 type fluids contain-
ing alkyl acid phosphite additives is discussed. Alkyl acid phosphites
made from secondary alcohols give the btest storage stability in tems
of neutralization number increase. ALY of the alkyl acid phosphites show
increased lubricity after storage in finished blends or neat.

Wear dehavior in the Shell four-ball wear tester with M-10
tool steel and heal stabilized 52-100 steel bearing surfaces is compared
to that shown by the conventional 52-10¢ 3,P. type bearing surfaces.

Some preliminary work has been carried out in the Shell four—
ball wear tester with titanhum and titanium alloy test specimens, Hard-
ness ‘values for the various titanium and titanium alloys are given.
Indications are that titanjum-on-titaniw bearing surfaces are extremely
difficult to lubrdcate even al low loads. The majority of the tests have
been conducted using a steel-on-titaniwm or titaniwm alloy bearing system.
Phosphorus-containing additives are rot particularly effective for lubri-
cation of these béaring surfaces. It appears that a chemically erosive
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additive is required to V<o the rotating steel ball free of titanium
pick-up ; £5n the stationary balls. It would appear that .steel-on-
titaniuvx- bearing loads might be at least as restrictive as steel<on-
-bronze bearing ‘lcads. - . B

A rathar extensi.e study of the phenomencn of “Mtrace dirti-
ness" in lubricents comlaining an amine type oxidatdicn ir.h‘b:.to. 5 Such
as phenothiazire, is described. Studies to deteridine the effect of
varying corceatrations of pnex‘obhiazine on the-oxidative characteristics
of Iuvbricants at test tempsratures of.347°, 400¢, - and-50C"F. have been
carriea cut. e enp..asis in this study has been directed toward deter—
mining what sacrifice i: rroperties may result from obtalning inmcreased
fluil scablie iife by increasing phenothiazine cc'xcentration. The. date
obtained indi\.ate. in general that it is desix-able “to obtain as much

refining sc that the concentration of phenothiazine z*a_, be held tc 2
mirdmum.

The-evaluation of fluids with respect to oxidative behavior
at 500°F. has been extended to include ccmplete hydrauiic fluid and
lubricant formulations. The effect of phosphorus—con.,aimng lubricity
additives on complete lvbricant formulations has: been .emphzsized in
+hese studies. The presence of-Acryloid polymer in the- finished fluid
has no effect on the oxidative deterioraticn of the-fluid. A.ll of the
phosphorus-containing estexr fluids-evevated at 500°F. in an accelérated
cxidation test show-increascd sludging te.’encies. .

The use of hindered pheml-dAalkyl acid-phosphite additive
combinations has been studied in-mineral oil. The dialkyl acid phos-
phite has-been shown previcusly to have a synergistic effect on cxida-
tion stability of various dibasic 2cid esters, The dialkyl acid phos-
phite shows a sysergistic-offect on the oxidation stability of naphthenic
nineral oils containing hindered phenol cxidaticn inhibitors. As the
zmolecular weight range, or the viscosity level, of the naphthenic-type
mineral oil increases, the effect of the hindered phenol-disikyl acid
phosphile inhibitor cczbinaticn, as well as other conventional oxidation
inhibitors, diminishes. With a well refined naphthenic mineral oil cf
about 10 centistokes at 1CO°F., the oxidation and corrosion requirements
of Spec, MIL-L-7808 czn essentially be met with an inhibitor comprising
0.5 weight per cent of 2 dialkyl acid phosphite and a hindered.phenol.

The study of the effect of storage on =xidation"and corrosion
stability of Spec. MIL-L-7808 ester type lubricants containing :
thiaziné and dialkyl acid phoschite sdditives has bem r.ont.inued.

Oxidation and corrosion studies at 500°F. have been continued.
Faphasis is placed on relative oxidation rate and the amount of deter-
ioration noted for a given amount of oxygen assimilated. There is
essentially no induction period or stable life-at 500°F. Aroclor 1248,
two coomercial silicate formulations, scze polybutene.oils, and several
pure hydrocarbons have been evalwated under varying. degrees of severity.
These data supplement the resu_ts of similar.evaluations of various
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fluids discussed in report PRL 5.8-Sep53. Aroclor 1248 and methyi phenyl
silicones-both show outstanding oxidation resistance at SOC*F. The
rezaining classes of fiuids listed pre~iously for hydraulic fluid and
Jet engine oil studies fall in the same-general area with respect to
relatively severe oxidation, These materials do, however, show a
capacity for the assimijation of substaxtial-azounts of cxygen with

wiat would appear to be tolerable property changes for jet engine use.
Furtuer work in high temperature oxidation and corrosior testing is
being directed toward ways by which the capacity for oxygen cseimile-
ticn may be utilized-in a lubricant system tc best advantage.

Tne effsst of rhosphorus-containing iubricity-addadives on
the therzal stability of Spec. MIL-L-7808 type compositions bas been
studi d. Tricresyl phosphate as well as the alkyl acid phosphites and
Fhosphates appear to have soze adverse effect-on the thermel stability
of dibasic zcid esters at 500°F. ard above.

Several esters of monobasi.c acids and primary alcohols have
been evaluated as base stock materials. These are compared-in this
report with soze of tne more coomon dibasic acid esters.

Severel cxperimental fiuids containing phosphorus-type anti-
wear additives-have béen prepared for evalvaticn in the Ryder gear
tester and tlie panel ccking test.

JET FUEL DIRTINBSS. A study of jet fuel- d.i.rtiness has been

- undertaken. Both existent and potential values for gum and dirtiress

are included in this study. This problem is being studied from two
seperate approaches. An attempt is being zade to remove ihe dirty
cempouents’ from the-fuel by means of physical separation. Seconiiy,
laboratory methods of achieving high temperature dirtirness with actual
Jet fuels, as well as pure hydrocarbons, is being studied.

For-the first phase of this program, JP-L referece fuel
ottained fraz the Baltimore Re“inery of the Bsso Standard €11 Cozpany
has been used. Tnis fuel exhibils borderline dirtiness. Tals JP-4
referee fuel has bzen subjected to physical separation processes includirg
fractiomal distillaticn, liquid sxtraction with a liquid amonia-methyl-
anine. solveat, and silica gel a2bsorption in an attempt to study the
dirtiness characteristics of concentrations of the various classes of
hydrocarbons present-in the fuel.

For the second-phase of this program, particular esphasis
has been placed on the” iendency to fom gun and insolubles when subjected
to accelersted oxidation or ageing tests. Preliminery results indicate
that the solution to Lthe probleus as to how and why mum and insolubles
form on storage is extrerely complex. In gener?), the degree of dirti-
ness noted with thic JP-4 referee fuel and its various fractions carnot
be raproduced with sizple pure hydrocarbons 1. the JP-4 boiling renge, or
nixtures of these pure hydrocarbons prepared to simulate the composition
cf JP-L by hydrocarbon classes. The aromatic-rich fractions of <P-4
show the highest overall gu= forming tendencies, while the more paraffinic
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fractions show a higher proportion of insolubles in the total gum.

The effect of oxidation inhibltors, dispersants, and oxygenated
solvents on JP-4 referee fuel fractions has been studied. The use of
cxygenated solvents is the best of these three approaches in reducing
insoluile gun formation under severe oxidation conditions.

Simple dlstillation and silica gel adsorption appear to be
affective in removing existent gwa from this JP-4 referee fuel. The
data didicair *hat guz may cendist of high molecular weight - products
resulting from oxtdavion cf the uriginal hydrocarbons follewed oy pclyzeri-
zation or cond:msation,

A test unit to simulate ihe therzal history of Jet fuel flow
from the tank, through the heat exchanger, to the turner-nozzle has been
designed:and built. This unit is designed to circulate fuel at a desired
rate and system pressure through a heater, a porous metal fiiter, and a
ccoler, in that order. The rate of presswre drop increase across the
filter is taken as an indication of fuel dirtiness. Preliminary tests
indlcate thau this tester is capable of differentiabing.between.fuels
of different dirtiress characteristics. Some redesign of the unit zppears
desirable to facilitate cleaning of the metal surfaces between tests.

MISCELLANEOUS STUDIZ.. Development work on a thin f£il= pre-
servative fluid for hydraulic equipment has been.wdertaken for the Navy
Bureau of Ordnance under Supplementzl Agreement S4(53-1055) of Contract
Ar33{038)18193. Prelininary studies are concerned with the development
of a plasticized polymer film containing an effective rust preventive.
The primary hod used to v the rust protection is the nmidity
cabinet type of rust test. Studies have been made with Acryloid and
Polytutene polymeric materials, with dibasic acic esters and mineral oil
as plasticizers, and with calcium petrolema sulfonate, barium petrolew=
sulfonate, and alkyl acid phosphate and pheuriate rust preventive addi-
tives. The effect of film viscosity and solvent concentratica on film
thickness has been measured. A quantitative method of evaluating the
amownt of rusting on the test strip is described. The Auince Alre
huzidity cabinet has been calibrated with fluids of known rust preven-
tive characteristics.

Several used Spec.- MIL-L-6387 hydraulic fluid sacpies have
been inspected. Except for an expected viscosity decrease due to the
shear severity of the alternator drive, there appears to be very little
change in fluid characteristics. An engine tize of 1,65 hours was
indicated for onc of the sazples. *

Shear stakility reference polymer HPS-4 has been evaluated and
found to bte acceptable for use in Spec. MIL-F-5602 shear stability
reference fluid.

This Laboratory has cooperated with the Section B, Resvarch
Division VII, ASDM Cocmitiee D-2 in the evaluation of the perzarent vis-
cosity loss due to shear of two non-Nextonian test oils. The data
obtained is discussed and cocpared to similar results obtalined with Spec.
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HIi~-5606 hydraulic fluid and Spec. MIL-F~5602 shear stabi".ity réference
fluid.

This Laboratory has supplied five gallons each of two non-
Hewtonian nmds (polv::ez\-"ontainins fluids) and one Hewtorian mineral
o0il to Prof. =. B, DuBois of Cornell Uaiversity for t.est.hg in a journal
bL2aring rig. These tests were conducted under an NACA contract. The
- .used sazples from this test progranm have been evaluated by this Laboratory.
There is no evidence of permanent vise .~ivy a= ;ease due to shear in Lhese
sanples. Tae data from the journal Jwing rig show that the non-Newtonizan
fiuxide gave a o \ﬂ*antiany lower friclion valae than 2 Newtsnian fluid of
the ssae viscosity Athoul causing an appreciable reducuion in £1l= thick-
- ness of the lubricant in the journal bearing.

Ten four-ounce sauples of PHi. 2815, the low texperature viscosity
standard, has been distributed during this period.

Thirteen samples of fluids and lubricants have been formulated
by this Laboratory and distributed.to the Halerials Latoratory. and Service
contractors as requested.

Copxes of several reports have been distributed to industrial
organizations at the request of the Wright Adr Developcent Center.
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N[ 1] FINAL REPCRT FOR THE YER
SOTORR 1953 A'HROUGH 30 SEPTRNLIR.1954L Do
1
ﬂ CONTRACT u‘s {038)18193 -
qu i
i INTRODUCTION .
i .
i This repc cc:p:i:es a swmary of the work wh."h has keen ¥
{ carried ot under Suairact 2F22{03%)28163 for the year of 2 Outober 1953 L.
througn 3C 3eptember 1954. This is the third yearly report on this -
contyact, Studies and investigations comtemplated for the future are %
N [} also outliner. :
I A series of conferences were held at the-Wright-Pattersen .
[ Alr Force Base cn May 13 and 14 tetween Drs. Fenske and Klaus of
d this Laboratory and representatives of the Materials Laboratory,
Fower Plant Laboratories, Aircraft Laberatories and.Weapons Systems
. Laboratory. The purpose of these conferences was to:defire better
B [ the high temperature problems curcently teing encountered. as weil -

as those predicted for the future in.hydr:lie fluids,-engine lubri- -
cants, and jet fuels. Cne of the pux-pcses of ;these conferences was N
te forzalize the direction of research and develomment-efforts under i
Contract AF33(038)18193 toward current and future-high texperature
problexs. It was indlicated that future work on-this centract shouid "
be focused on the folicwing thrce-items.. These items are listed in
order of decreasing priority or urgency insofar as wanpower is iimit-
ing. They are all important, and th: emphasis ic subject to chenge.

It was decided, as a result of these discussions, that- future qt.art.erly .
and yearly reports would be written in three separate sections to cover 4
these three major items. This procedure has been followed in quarterly
report PRL 5.12-Jun5%4 and in this yearly report.

e,

)
= =3

A

(1) The developmen® of a hydrauiic fluid for use at te=pera
tures as high as 700°F. is desircd. This type of hydraulic fiuid wc‘-xld
te used in closed hydraulic syste:s from which oxygen can be excluded.
Thus, the thermal stability and the effects of small quantities cf
- oxygen are zore izportant properties than severe oxidation in the
N presence of large cuantities of air or oxygen. Tane desired life of
the fluid at 700°F. is of the order of 5 20 10 hours. It is important
that the hydraulic fluid supply adequate ludbricity for pwmp operatien
and adequate viscosity to control volumetric efficiency and leakage
at high te=peratures.

il

R o |

= b

(2) The developzent of a Jjet engine lubricant for operation
in engines having bulk oil texmperatures of 500* t5.600°F. is desired.
In these systems, bearings may be as hot as 750°F. This problea bears
cany similarities to the develomment of the 700°F. hydrauwlic fluld.

The major differences are the increased availability of air, increased
- 1ubricity demands, and increased operational 1ife in the case of the

, Jet cngine oil. If the desired properties can not bé achicved .n their

entirety, the factor to be gained in useful life of the engine by
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hanical impro ts such as seals and segmented cil reservoirs will
te explored from the point of view of the cil.

(3) A further study of jet fuel dirtiness is desired. Partic-
wlar emphasis in this study 3is being placed on the fommation of high
temperature dirtiness or insolubles in the fuei. This type of dirtiness
is being “ncountered in oil-fuel heat exchangers and in nozzles.of the
Jev engines burning this preheated fuel.

These thres Jlzs will be emphesized in futwre work and
reporte. A fuwrdazental svudy of high temperature properties of
hydraulic flwads, tubricants, and their ccmponents has been under way
at this Laboratory for several years. Now that specific goals have
been set up, these earlier studies will serve as valuzble background
on which to base more specific investigations. It is recognized that
all of the requirements, or property limits, indicated to be desirable
for a 700°F. hydraulic fluid or 40C°F. jet engine lubricant m:ay not be
readily obtained. That is, tiere may be several fluids which meet the
majority of the requirements of the hydrawdic fluid and/or lubrlca.nt,
but may fail other requircments. The requirements failed by the various
fluids will probably not be the seme. Therefore, it is planned to evalu-
ate thoroughly all coapositions that show promise as high temperature
fluids and lubricants to determine not only whiether-they-meet-the
specific requirements set forth but also to detemine by what margin
these fluids pass or fail all the various requirements. “Since not all
of the systems into which these high temperature-fluids will go have
been successfully built as yet, these data should prove helpful to
designors and cngincers in thedr precent ind future work. -

Work on JP-4 jet fuel dirtiness has been started wiihin the

last nine months by this Laboratory. This work will be continved 2long
the lines discussed in this report.
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1. HIGH TEMPERATURE HYDRAULIC FLUID STUDIES

A. GENERAL. The current need for a hydraulic fluid suitable
fur use at 500¢ to 550°F., and the need in the near future for a 700°F.
hkydronlic fluid have been eaphasized in recent discussions with the
Materaals Laboratery of the Wright Air Development Center. Prizary
cxphasis in the current progran at this Laboratory under Contract
AF32(038)1319° .r the study of £iuids suitable for use as both 500°
and T00°F. yIraulie fluids. Emphasis has been placed on the actual
testing o <. fiulds 2% 500* and TOO°F. as opposed to obtaining
extrapolated aluves from determinations at lower temperatures.

This emphasis is dictated primarily on the basis of the
exploratory siudlies ducted in the temperature range of 400°* to
750°F. with various fluid and lubricant components over the past
two years. For exazple, studies at 347°F. have shown as high as
a 20 fold increase in the oxidation stable life of a diester-base
fluid over a coanventional mineral oll fluid. Tests at 500°F. with
the saze fluids irdicate that thé difference in oxidation stability
is-less than two fold. Sizilarly, it has been found that materials
chowing the.best oxidation stability at high temperatures do_rnot
necessarily show the best thermal stability.

On the basis of-these preiiminary data, it appears that a
detailed evaluaiion cf:severzl classes of fluids and lubricants showing
some promlse at high-texperatures may be profitable. These materials
will be completely evcluated to determine by shat mergin the fluids
pass or fail the desired requirezents. 'These data may be of use in
the ccapanion development of high temperature hydraulic system com-
ponents.

A ber of plete fluid compositicns as well as several
classes of base stock components have been chosen for this study.
These fiuids are listed below:

1. Silicore (zethylphenyl silicone and a special General
Electric silicone with improved lubricity)
2. Silicate fluids (¥LO 8200 from Cronite Chemical Co.
and 0.5. 45 from Monsanto Chemical Co.
3. Silicone-diester fluid SD-17 developed by the H.A.C.A.
4. Diesters {di-2-ethylhexyl sebacate)
5. Pentaerythritol esters {Hercoflex 600 from Hercules
Power Co.)
4. Mincral 0ils (well refined naphthenic neutral fractions
of low pour point
7. Synthetic hydrocarbens (Polytutenes frem Standard 0il
Co. of Indiana)
8. Folyglycol ethers {Ucons froem Carbide and Carbon Chemical
Cozpacy.
9. hArochlor 1248 (chlorinated biphenyl)
10, Tricresyl phosphate.
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These zaterials will be evaluated for high temperature behavior
(500° to 700°F.). The properties of these compositions have beea fairly
well defined at lower temperatures. It should be emphasized that the low
texperature properties have been relaxed for these high texmperature appli-
cations. That is, 0° to 30°F. are the lower teaperature limits considered
instezd of -65° to -40°F. In adeition, the elevated texperature tends to
elininate from consiceration rubber and certain active metals as materials
of cemstruciion. Thus, materiais eliminated from consideration as hydrau-
3ie fluids fo.o reasons of low temperature fluidity, metal corrosion,
rubker sweili..;, etc. will be reconsidered in these high texperature
evaluations.

B, HIGH TEMPEHATURE VISCOSITY MEASUREMFNT. The actual vis-
cosity of fiulds at 500® tc 700°F. is important for mechanical design
considerations. For example, the volumetric efficiency of pumps,
hydraulic pistons, ard slide valves, system leakage, and the hydro-
dynamic component of lubricity are properties that are directly related
to tie actral viscosity at elevated texperatures. Viscesities have,
therefore, been determined at approximately 500 and 700°F. for some of
the fluids discussed previously. A constant tecperature vapor bath has
been constructed for determining viscosities experimentally at tempera-
tures in tke-range of 300* to 700°F.

The construction details of this constant temperature bath

are shown on Figure 1. The constant tezperature bath comprises a

1000 ml. Erlenmeyer flask fitted with a cotk to support a conventionzl
modified Ostweld viscemeter. A coustant boiling liquid 2s placed in
the flask and the vapors constantly bathe the viscometer. The cork

is also fitted with an air condenser to return the condensed vapor to
the fiask, and a thermocouple to measwre the vapor temperature in close
proxinity to the viscozeter. The heat source for the Erlermeyer flask
ceprises a shallow molten metal bath partially filled with Cerrotase
allcy (257°F. melting point). The bath is heated by a 750 watt hester
clazped directly onto the tottoz of the nmsliten metal bath. Zurrent
.to the heater is corntrolied sanually through a Variac. The entire
=olten metal Lath and Erlemmeyer flask are insulated with 2 inches

of asbestos sheet. The actual temperature of the vapor bath is con-
troiled by the boiling point of the liquid used. The two materials
used to obtzin.approximately 500 and 700°F. are biphenyl (490°F. b.p.)
and meta terephenyl {707°F. b.p.).

As indicated, the bath is designed to accoemodate one vis-
coueter. Operation of the -iscozeter is no more difficult at 500* and
700°F. than in a constant tezperature bath at 100°F. Many of tue fluids
evalvated show viscosity variation with tize at these elevated tempera-
tures. These variations are due to the thermal instabilily of the fluid
and not to any inherent texperature control problems in operating the
bath.

Viscosity determinations cn various high terperature fluids
are shown on Table 1. These data shew that most of the 500°F. and
essentially all of the 700°F. viscosity valves f£all below the value
predicted by extrapolating lower temperature viscosity values with
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the conventiona) ASTM viscosity-temperature chu .. In addition, about
half of the materials evalvated at 500°F. and ess2ntially all those
evaluated at TOOSF. show greater than one per cent viscosity change
upen standing in the viscosity tath for 30 minutes 2t the test texpera-
ture. This preblem of viscosity change is due to thermal deterioration
of the fluid, or to wolatility losses of small quantities of light ends.
There are no indications of manipulative difficulties with the constant
temperature vapor bath. .

The extrapclated values for viscosities were deterained from
“Tevies ~-~ Determination of A.S5.T.M. Slope and Prediction cI Viscosities®
by L. 7. 8ty of the mzvandard Gil Development Cc. This Laboratory has
21so extenced the standard A.5.T.M. viscosity-temperature chart to
include timperatures up to 700°F. and viscosity values down %o O.4 centi-
stokes. The experimental curves for several of the fluids are illu-
strated on Figures 2 and 3 frem the data giver on Table 1. The lower
experizental viscosity than the predicted viscosity effectively increases
the ASTH slope for the fluid. This effect is illustrated in the follow-
ing tabwlation.

ASTH Slope for the Interval
(200°~ {100°~  -(100°-

Test Fluid 210°F.)  190°F.) TO7°F.)-
Methylphenyl Silicone (PRL 3358) 0.346  0.388 0.118
Special Silicone G.E. (PRL 3475) 0.315 0.344 0.373
Di-2-Ethylhexyl Setacate 0.702 0.7%45 -
Hercoflex 600 (pentasrythritol ester) 0.727 0.775 0.857

Huzble Pale D (miner2l o0il, Coastal type) C.815 0.815 0.848

The material giving the least deviation from the predicted vis-
cosity at 700°F. is the mineral oil. TIne ASTM viscosity-tecperature
relationship used in Figures 2 and 3 was derived experically using vis-
cosity data from mineral oils., Surves 1 and 2 on Figures 2 and 3 are
straight lines cormecting the viscosity limits at the low and high
temperatures set up as a desirable target for the 700°F. hydraulic fluid.
Of the fluids evaluated, only the silicones meet these viscosity values.
The other rateriais studied would require a V.1. improver to mest thesc
properties. Thus far, V.1. improvers of adequate thermal stability and
solubility have rot been found. A discussion of the thermal stability of
V.I. izprovers will be given at 2 later point in this section.

As indizated previously, very few of the materiais tested ot
F07°F. give constant viscosity values. The general trenrd in viscosity
values with tire at 707°F. is a decrease. Several exceptions were noted
however, Hercoflex 600 shoxs a slight increase in 707°F. viscosity with
tize in ihe viscosity bath. This same trend is evident in the 600°F.
thermal stability test. This is zttributed to the nat..e of the thermal
deccmposition products. Huzble Pale D minerzl oil also shows an increase
in viezosity «ith increasing time in the viscosity bath. This viscosity
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increase is-attributed to a volatility loss of the light ends during the
test. Tinere was evidence of evaporaticn and incipient boiling during
this 707°F. evalvation. In.a sealed system, naphthenic mineral oils of
this type show 2 m overall viscosity decrease with £ire due to therzal
cracking or decasposition of a s=all quantity of the oil,

C. THERMAL STABILITY. It-has:been imica.tcd that high
texperature hydraulic systéms will be scaled or prcssuriz*‘ wndts.,
In any event, oxygen and air can te excluded or se‘rerely linit-sd. This
place,, prinazz ezphasis, therefore, on’ théresl sta.bility and enly.
secondary- :icm--’tan:ﬂ on cxddation st«omty. Here: c“e, }v’“au“_“.c
x‘l:.ids siave.buen designed on'the tasis of. fx'ee access he atzosphere
through-a vcat or breather system. In these previuus deve.lo;xnents, :
x‘*‘chxuer' &lso designed-for use at lower te:peratures,\ p:-irzry aphasis
was placcd on.oxidation stability. This change in the prizary stability

reau..re'-ent from oxidation to thexmal also changes the relative pos;tions.

of the various classes of.ccmpounds. For example, mineral oils, whix:h
show scamwist less oxidation stability zh_.n dicstenﬂnids,-show
superior thermdl stzoiiity.

Two types of thermal stability tests'bave been coxx!ucted. Cne
type of . ~est has Been J:onducted “in an all giass systa while the se.,o'xi
type-has bten conducted in 2 stainless steel pressurel cylinue.. These.
tests have-been descrited previously in-report PEL.5. 8-Sep53. ‘Briefly,
the-tests in the glass tube apparatus are ‘carried:eat \mderahnitrogen
atzosphere and the-tube is.sealed by a U-tike corta.ining appr..xmabeq
three nilliliters of the-test.fluid. “Inls .iguid seal allows the
passage of gas out or air in with pressure changes gi'eotc. than. anpmn-
pately 0.25 p.s.di. Tests condicted at 500°F. are of 20.he ur's duration,
those conducted.at 600’?. ebove ar- of.6 kours du-aticn. "he\stain-
less steel pressure cylinder is.a caﬂpl‘tely closed. s; st.e: and\any
volatile preducts formed are cenfined in.the c,flindex-. Tests:conducted
in the pressure cylinder are for six ndurs at §00° fo 700°F:

© 1. Zherpal Stability of l;{xgrai.ﬁc Fluid' Cozpositions. &
ber of the positicns di: previcusly as high tecperature

hydraulic fivids have been ewaltatcd in these “thermal stability tesis.
The results of these tosts are smarized cz Table s, Themal. stabllily
testing is continuing and this stzaary table will.be expanded in sub-
sequent reports. These data allox a direct .camparison of the thermal
stabllity propert.ies of the various’ c.hsses of ‘products considered for
nigh temperature hydraulic fluids. Ssde of the-deta‘are for ‘finished
compositions while others-are for base “sLocks.

Therzal stability, in general, can ot be er‘xsm:en by addi~
tives. A uecrease in thermal stability can resuit from the form wulation
of ccaplete or finished fluids. For exaople, the use of trlcresyl phos~
phate and alkyl acid phosphites in esters may résult:in decreased ther-
nal stability. This effect will be discussed later in this report.

The thermal stability data, in general, indicate that it is
desirable to design a pressure relief system and a safe method of
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Figure 1

APPARATUS USED 1 THG DETERMINATION OF
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discharging volatile inflarmable material fram the hydraulic system during
21l stages of operation for all high temperature hydraulic systems. This
would apply to a 550°F. system 25 well as a 700°F. system. I4 can be seen
t‘m the data on Table 4 that all of the materials tested foin volatiie
ition products at 7C0°F. under an inert atmosphere. These vola-
t le products are, in general, organic rragments of the originel molecule.
As ;maller organic fr ts, they quite probably represent a higher degree
of inflaxmability than does the parent compound. Tt is telieved, therex
lore, *hat 50C° and 700°F. hydraulic systems will have to designed on vhe
basis o a gretver inflamal’1ity hiazard than is indicsted by the inflazma-
bilitr .ror.-.:ru.es of an unused or "fresh® high tezperature hydrawlic fluid
formudation.

It is apparent fro= the data on Tables 2, 3, 4 2nd 5 that none
of the fluid formulations are free from sce themm2l deterioraticn at
T00°F. and few, if any, are entirely thermally stable at 550°F. Thus,
it would appear that the relative rates and products of themial deteriora-
tion will play an important role in the selection of the most satisfactory
high temperature hydraulic fluids.

Tests conducted in the pressure cylinder in the presence of
stainless steel and previous 500°F. thermal stability tests in zlass
equipment containing copper, steel, silver, magnesium, and aluminum
indicate that, at least for certain fluids, there may be an increase
in severity of the test when rmetals are present. The increase in
test severily in the presence of metals appears to be more noticeable
2a the case of eaters than for soxe of the other types studied. Studies
of thermal stabiiity at tezporalures above S00°F. with metal catalysts
wil) be continued to deterzins the magnitude of the metal-catalyst
effect. Data from the pressure cylinder indicate more severe viscosity
changes, in general, than the data from the glass squimment. In addi-
tion to the prescence of metal surfaces in the pressure cylinder test,
the volatile produclts are kept in the system resulting in more severe
viscosity changes.

Aroclor 1248 shows the best thermal stability properties of
the various materials tested thus far. Aroclior 1248 is a chlordinated
bipkenyl which exhibits good non-inflarmability properties. This
materdal appears o be thermally stable at 700® and 750vF. as shown
on Table 2.

Kethylphenyl silicores (Dow Corning 701 and 510 types), sili-
cones prepared by General Electric with improved lubricity properties,
and naphthenic mineral oils (Nectons 45 and 55 and Bsstic 45) show
reasonably good thermal stability at 700°F. On the basis of thermal
stability alone, ard a 10 hour fluid life at the 700°F. texmperature,
the silicones, mineral oils, and Aroclor 1248 shown on Table /4 have
sufficient stability to warrant further investigation. These fluids
have all been investigzted at 700°F. in the pressure cylinder and
glass apparatus.
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of the organic esters evaluated. In the glass equipment, stability
lccks promising in the 650° to 700°F. range. Pressure rise in the pres-

sure cylinder is quite rapid at 650°F., however. In this pressure cylinder
test, the viscosity stzbilit*y is good and volatility loss is low. Further

=dies with the Hercoflex 600 are planned in order to evaluate the
zmount of starting material involved in the thermal decemposition to form
gaseour products at 700°F. 7The thermal stability properties of Hercoflex
600 are very good in both tests at 600°F.

Iudize mtown on Table 4 indicate thal ihe rezaindas of the
materia.s .ested show reasornable tnermal stabiiity in the 550° to 600°F.
range. <These materials include di-2-ethylhexyl sebacate, tricresyl phos—
phate, Ucon Lubricant LB-170A (a polyglycol etker). 0.5. 45 (a silicate
formuiation), MLO 8200 (a silicate formwlation), Indopol (a low molecular
weight polybutene), and SD-17 formulaticn (a silicone-di-2-ethylhexyl
sebacate blend). The two silicate flulds, 0.S. 45 and MLO 8200, are
coeemercial fluids prepared by Monsanto Chemical Co. and Gronite Chemical

Co., respectively. Tests with typlcal silicate sster base stocks indicate

that scme of the changes noted on thermal stability may be due to the
polyzer or other additives in the fermdatien.

Data for tetra (Cg—Cg) silicate (di-2-ethylhexyl di-2-ethyl-
butyl silicate) and tetra-2-ethylhexyl silicate are shown on Table 5.
These data indicate scmewhat better thermal stability in temms of
viscosity change than the 0.5. 45 and HLO 8200 formulations. The
stability of di-2-etnylhexyl sebacate dictates the therral deteriora-
tion of the Silicone-di-2-cthylhexyl sebacate Xlend (SD-17).
°  Polybutene (Indopol L-30) represents a synthetic hydrocarbon
in the form of a polymerized olefin. Additicnal poiytutene fractions
are shown on Table 5. Polybutene LF-0742 is a hydrogenated sample of
Pclybutene LF-0741. ALl of these polybutenes have about the same
therzal stabixity properties. Hydrogeration does not significantly
alter the thermai stability. Depolyzerization of these polymers becomes
appreciatle in the 600* to 650°F. tezperature rarge. Additional
synthetic hydrocarbons will be evajiuated since raterials of the poly-
butene type appear to be somewhat cleaner in oxidatica tests than
naphthenic mineral oil fractions.

Thermal stability lests in the pressure cylinder have been
conductea with scme typical halogenated non-inflazmable fluid constitu-
ents. These data are shown on Table 2. N

Alkazene 42 and Aroclor 1243 are constituents of the ethyl-
dibrozobenzene-base hydraudic fiuid (FRL 3209) developed to meet Spec.
MTI-F-7100. Alkazene 42 is ethyldibromobenzene; Aroclor 1248 is a
chlorinated biphenyl; and Fluorolube TS is a polyzer of trifluoromono-
chloroethylene. .The pressure cylinder test was chosen for these thermal
stability studies primarily as a means of confining the thermal decom-
position products.
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Table 2

THERMAZ STABILITY OF NON-INFLAMMAGLES LUBRICANTS

Tests Conducted in Pressure Cylinder of 46 ml. Capacity Usins a
20 =1, Charge of Test Fluid

Pressure After

Test, p.s.i. £ Change
Test Test at at in Cs,

Tenp., Time, Test Room Ncut. Ko. Vise. at
Tesy luid *F. Hrs. Tex=p. Forp. Tnerease JGOR.
Kxazere L2 500 6 29 0 0.0 +2
Alkazene 42 500 4 250 45 6.1 +29
Fluoroluwbe-FS 500 6 33 0 -0.5 -2
Fluorolube-FS £00 6 100 6 1.0 -10
Flusrolube-FS 650 L-3/4 270 3 2.4 -49
Aroclor 1248 600 6 27 L] 0.6 0
Arcclor 1248 650 b 35 V] .0 -1
Aroclor 128 700 6 Lo 0 0.0 +3
Aroclor 1248 750 6 [ 1A 0.3 +12

The Alkazene 42 shows reascnably good thermal stability at
500°F. but decomposes fairly rapidly at 600°F. Fluorolube-FS exhibits a
therzmal stability of ihe same order of magnitude as the Alkazene 42.
That is, Fluorolube begins to show a high rate of thermal decomposition
at about &30°F. Il shouid te empnasized ihat Fiworolube-FS is a perkalo-
compound. Very good thermal stability properties are normally attributed
to perhalo-compounds. The Aroclor 1242 which has been discussed pre-
viously does give very good ther=al stability properties even at 750°F.
It should be noted that Aroclor 1248 is not a perhalo-compound but does
contain carbon, hydrogen and chlorine in each molecule.

These thermal stability data indicate that scme of the ron-
inflazmable hydraulic fluid cooponents exhiuit a threshold of thermal
deccmposition of the same order of magnitude as the other synthetic
fluids evaluated in this series of tests.

2. Thencal Stability of Polymeric V.I. Improvers. The con-
ventional Spec. MIL-0-5606 and MIL~1-6387 hydraulic fluids achieve their
excellent viscosity-tezperature characteristics by the use cf viscous
poiymceric thickemers. Acryloid has been used in these twc specification
fluids. Acryloid is a polymerizéed cstor of methservlic acid. Polvbutene
is another conventional poly=eric additive used in hydraulic fluid and
ludbricant applications where the base stock is a hydrocarben.

These two polymeric additives have been evaluvated for use in
high texperature hydraulic fluids. The results of the studies with
Acryloids have greviously been discusseq in searly report PRL 5.8-Sep53.
Therzal stability tects with Polytutene-thickened mineral oils are shown
on Table 3.
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The thermal stability tests with Polybutene-thickened mineral
oil at 500° and 6C0°*F. indicate a thermal stability superior to that of
the Acryloid-thickened minerai oil or ester fivids. The Polybutene-
thickened o1l shows very little viscosity changc duz to thermal effects
at 500°F. At 600°F., a large viscosity decrease is ncted for Poiybutene
plends without indicaticn of apprecizble decomposition, i.e., the only
change noted is viscosity decrease. The viscosity decréase noted witn
Polyhmenre-thickened mineral oils at 600°F. is of the same order of magni~
tude as he viscosity change noted with Acryloid at 500°F. The Acryloid-
thiskened alends begin vo show signs of cnemical decomposition of the
ester lim.age of ¥ Loryleid abt S00°F. Chemical decompositicn of the
Polybutere .hickener Logins at 650°F. and becimes 2 serious proplem at
TOO*F.

Table 3
THERMAL STABILITY OF POLYBUTENE~MINERAL OIL BLLNDS
AT HIGH TEMPERATURES
Tests Conducted in Glass Test Tubes Under a Nitrogen Atmosphere.
Test Time iz 6 Hours, Fluid Charge = 25 Cos.

Test % Visc. % Change Liquid  Neut.
Tezp,., Due to in Visc. loss, No.

Test Fluid *F. . Polybutene at 100°F. Wt.Z ~ Increase
20 W.% Polybutene B-12 .
in Necton 55 €00 99 -65 [v] 0.0
20 Wt.% Polybutens B-12
in Necton 55 6?0 79 -98 8 0.0
5 Wt.% Polybutens B-12
in Necton 45 0 50 -85 5 0.0
Polybutene B-12 700 300 - 9 0.7

It can be noted .rom the data that 90 per cent of the Polybulene
polymer deccmposes to a volatile gas after 6 hours at 700°F. The decom—
position prodact under these corditicons appears to be the iscbutylene from
which the Polybutenc was prepared. These data indicate ihat Folybutene
offers abtout 100°F. advantage over Acryloid thickener in toth the point
of thermal viscosity loss and actual chemical deccapcsition.

Polybuiene is not 2s versatile a poiymer as Acrylold in
several respects. The solubility of Polybutene in esters, for exazple,
is very lizited. The improvement of viscosity-temperature properties
of a given base stock for a given degree of thickening is better for
the Acryloid polymer. Solubility in dibasic acid esters is also a
problen with high viscosity silicone polymers. Thus, a thickener and
V.1. improver for use with hydraulic fiuids at 550* and T700°F. is still
desired.
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Polyesters have been used as thickiners for hydraulic fluids
and lubricants. A series of Paraplex-polyesiers (Paraplex AP-52, G-Z3,
and G-25-HV) have been evaluated previcusly by this Laboratory. The
higher molecular weight material compared favorably with Acryloid KF-2
in terms of blending efficiency (i.e., V.I. izprovement for a given
degree of thickening) and viscosity-chear properties. This serdes of
polyesters contained scze ester lirkages of a secondary alcchol and,
therefore, were iess Luermally stable than the aimple dibasic azid esters
of the di-2-ethylhexyl sebacate type.

i 4ata for Parapiex AP-52 shown on Table 5 inmdicates 2 vis-
co3ity loss and a rupture of the ester lirkage in a 500°F. thermal
stability test. An experimental polyester containing all ester linkages
of prizary alcolols has been prepared by the Rolm and Haas Co. This
polyester (AC 3385) has been evaluated in the therral stability test at
500* and 60C°F. as shown on Table 5. At 500°F., the polyester-shows gocod
stability anc at €00°F. the inciplent thermal breakdown of the ester
linkage is of the same order of magnitude as for di-2-ethylhexyl sebacate
under the saze test conditicns. Thus, the-AC 3385 type polyester appears
to have adequate thermal and viscosity stability for a 500° to 550°F.
hydraulic fluid. Polyesters of this type will be evaivated rore
extensively as larger samples become availatle,

A viscous resin fraction extracted from Pennsylvania crude ol
has also been considered as a thickener for high temperature hydraulic
fluids. Preliminary tests indicate that these resins show good viscosity

stability in 500°F. thermal stability tests. Themzl stability tests with

thesc resins will Le conducted at higher texzperatures,

3. Effect of Phosphorus=Containing Lubricity Additives cn
Thermal Stability. The effect of itricresyl phosphate and various alkzl
acid phosphites on the themmal stability of dibasic acid esters is shown
on Tables 77 and 78 and is discussed in scme detail in the section on
Jet engine lubricants. Since some hydraulic fluid formulations do
contain tricresyl phosphate, it should be noted here that tricresyl
phosphate doc v have 2 s=211 adverse effect on the thermal stability
of dibasic acid esters at S500°F.

D. OXIDATION AND CORROSYON CHARACTERISTICS. If has been
3indicated that oxddation in high temperature hydraulic systems will be
limited by using closed units. Thus, for hydraulic systex applicatiens,
relatively small quantities of oxygen would be in contact with the fluid
at the elevated ope atinrg temperatures. These small quantities of oxygen
would, however, be in contact with the fluid at the elevated terperature
for sufficient time to cause essentially complete oxygen assizilation
with many of the proposed fluid types. Due to the closed system and
elevated texperature, the effect of oxidation should be considered in a
Qifferent manner from previous lower texperature hydrauvlic fluid and
lubricant studies.

For texperature ranges up to about 400°F., oxidation stability
of a fluid is generally measured as the length of an induction period
during which the fluid absorbs little or no cxygen, and exhibits
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essenti2lly no change in physical properlies. The length of the stable
life, or induction peried, is influenced primarily by additives (oxida-
tion inhibitors) in this temperature region.

At temperatures of 500°F. and above, this characteristic
induction period no longer exists or is extremely short lived. These
data have been emphasized in the previous yearly reports PRL 5.L-Seps2
and FRL 5.8-Sep53. The presence of oxidation inhibitors at 500°F. and
ahove may, however, slow down the rate of oxygen assimilation., It should
te emphasized that in a sealed systen at elevated temperatures the pramary
consideraticn is not necessarily the induction period or the rate of
oxic-vion, but ir many cases it may be the amount of the property change
resit.xg from = civen awmount of oxygen ascimiiatea. In 4 sealed system
this smount of oxygen should be swmall.

1. Oxddation and Corrosion Characteristics of h_Temperature
Hydraulic Fluids. To simulate oxidation at elevated temperatures and
limited oxygen, a 24-hour test at 500°F. at a low rate of z2ir circulation
(0.6 liters per hour) bas been used. On the basis of a five galion
capacity hydraullc system, this 2} hour test introduces the equivalent of
approximately 90.cublc feet of eir under standard conditions of tempera-
ture and pressure (32°F. ard 760 mn. Hg pressure).

The results of these low air rate oxidation tests at 500°F. for
tie high temperature hydraulic fluid formulations and base stocks are
shown on Table 6. These data indicate that the amount of available
oxygen assizilated at S00°F. varied from approximately 2 to 60 per cent.
This value can be converted to the equivalent volume of air used in a
5 gallon hydraulic fluid system by simply taking the indicated percent
cf 90 cubic feet which is equivalent to Yhe total amcunt of air passed
through the sz=ple.

These data indicate that Aroclor 1248 uses essentlally no
oxygen. The methylphenyl siliccnes absorb considerably less oxygen
then do the mineral oils, esters, and silicates. The silicates, mineral
oils, esters, tricresyl phosphate, and polyglycol ethers absorb from
about 20 to 40 per cent of the _vailable oxygen in this tezt. The
high absorption values for Indopol Polytutene polymer I~50 and the
Necton 45 are believed to be attributed to oxidation in the vapor section
of the tube due Lo the relatively high volatility of these products.
This phcnomenon has been noted consistently with high wolatility hydro-
carben materials. -

The viscosity stability of 211 of the test fluids appears to
be adequate. Neutralization mmber changes vary according to chemical
composition. There is no correlation between nevtralization number
increase and metal ccrrosion. The Aroclor 1248 shows some copper corro-
sion. Tendencies toward copper corrosion have been noted for all of
the oxddation tests at 347°F. and above for Aroclor 12,8 without the
use of basic inhibitors. Tricresyl phosphate shows moderate copper
corrosion but excessive steel corrosicn under these miid oxidation
conditions. Di-2-ethylhexyl sebacate shows borderline copper corrosinn.
The two silicate formulations show evidence of steel corrosion. The
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corrcsion value for 0.S. 45 is higher than thet for MLO 8200. HNone of
the corrosion values could be considered serious in view of the 10 hour
life indicated for these high temperature hydraulic fluids.

Dirtiress is gensrally a critical problem in high tempsrature
systezs. The only fluids evaluated that show no evidence of sludge and/or
dirtiness are the two methylphenyl silicones and Avoclor 1246, The SD-17

test severity. It is interesting to note that the sludge forwed by the
SNA7 lend is 23 times that fomed by the ester compcnent, wnich shows
the poorer oxidatiur ztabilivy of the two components that a.e present
in SD-17. This seze phencmenon has previously been reported by this
Laboratery in PRL 5.8-Sep53 for other similar silicone~¢iester blends.
Tricresyl puosphate also shows a fairly large value of sludge formation
coupled with a high viscosity increase.

Dirtiness in the ester, silicate, polyglycol ether {Ucon),
synthetic hydrocarbon, and mineral oil is all of approximately the same
order of magnitude. A trace is the designation given to dirtiness values
up to G.05 weight per cent. Above this vaiue the dirtiness is_expressed
numerically to the aearest 0.1 weight per cent. EBExperience with Spec.
MIL-L-7808 jet engino oil indicates.thal dirtiness of this order of
magnitude may cause some problems with respect to filter plugging and
deposits. It may be desirable, therefore, to ewaiuate filter perosity,
and the behavior of close tolerance moving parts under realistic condi-
tions in the early development stuges of high temperature hydrawlic
system corporents.

Oxidation tests with relatircly siow rates of air circuiation
are continuing wivh fluids representative of various chemical classes.
Hore specific evaluations have been conducted with esters typical of
current Spec. MIL-1-6387 and MIL~L-7808 quality materials. These evalu-
ations have been directed toward the effect of oxidaticn and lubricity
additives on oxidation and corrosion stability,

2. emothiazine Dirtiress, Phenothiazine is being used
widely as an oxidation Inhibitor for synthetic hydraulic fluids and-
Jubricants of the ester type. Phenothiszine has been found to be
effective in extending the induction period of esters substantially
in the temperature range up-to 350° and 400°F. At 500°F. the pheno-
thiazine is effective in esters only to reduce the rate of oxidation.
Phenothiazine and other amine inhibitors have been found to cause
darkening of the fluid and trace dirtiness in ester fluids within the
stable life of the fluid. This problem will be discussed in more
detail under the high tezperature jet engine oil development studies.
Some of the data are siwrmarized here to illustrate the manner in which
additives may be urdesirable in high temperature hydraulic fluids
for sealed systenms.

Data are tabulated on Table 7 to show the effect of increasing
prenothiazine Girtinees as a functicn of phenothiazine concentration in
a 347°F. oxidaticn and corrosion test, A1l of the test fluids were oxi-
dized to a point slighily beyond the induction period. None of the
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inhibited biends were carried as far beyond the stable life as the 20
hour test with uninhibited ester.

These data indic-%e increasing sludge formation with increasing
phenothiazine concentration. These data indicate that for 5 limited
amount of oxidation which might be anticipated by a svaied, or partially
sealed system, the probability of dirtiness or sludge formaticn would
increase directly with increasing phenothiazine oxidation inhibitor.

Table 7

|
. Vo

"

S

YFFECT OF PHENOTHIAZINE CONCENTRATICH ON OXIDATICHN AND CORROSIOH
FRUPERTIES CF DI-2-STHYLHBXYI. SEBACATE AT 3.7-F.

Test Procedures and Technigues in Accordance with Spec, MIL-L-6387.
Test Temperature = 347 X 3°F.; Test Time as Indicated; Air Rate = 10+ 1

Liters Per Hour; Test Fluid = 100 ml.; Test Conducted with a 1 Inch

Square each of Steel, Cadmium-Plated Steel,.Aluninuz, Copper and

Magresium. i
Test Fluid Di-2-Ethyineayl Sebacate (PRL 3371) .
Phenothiazire Concentration, Wt.% None 0.1 0.25 0.5 1.0 2.0
Test Time, Hours 20 25 63 159 195 L24 T
Approx. Stable Life, Hours - s L6 152 180 424 -
% Change in Cs. Visc. ab.130°F. +30 7 2, 415 912 47 .

t
]
i
R L M IR

Neut. No. Increase,
Mg. KOH/Gz. Fluid 10.6 3.8 15, 12,2 32.4 3.8

Wo.% 0il Insolubles - None Trace 0.2 04 2.1 1.5

More severe oxidation.tests were conducted at 500°F. to study
further the eifect of phenothiaziase concentration on dirtiness in di-z-
ethylhexyl sebacate. These data are shown on Table 8. It can be seen
that ihe effect of the phenothiazire is to reduce the rats of oxygen
assimilction under a given set of test conditions. The tests in this
case were continued to about the saze degree of severity on the basis
of oxygen assimilated. These conditions are somewhat more severe than
would be anticipated in a sealed hydraulic system. Under these test
conditions, there is a strong trend toward more dirtiness with the
presence of, or incr2ase in concentration of. phenothiazine.

WADC TR 55-30 Pt 3 -3-
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Table 8 -

k] mmr OF P}E;ZQTHIJ}ZB(E CONCERTRATION CN GXIDATICN AND CCRROSION
CEARACTERFSTICS OF DI-2-ETHYIMEXYL SEBACATE AT 500°F.

Test Procedures and Techniques in Accordance wdth Spec. MIL-I.-6387.

Tast Conditions Inclute: Test Temperature » 500 % 5F.; Air Rate = 5 &
0.5 Liters per Hour; Test Time = 30 Eours; ZTest Fluid Charged =
300 al.; Catalyst = A 1 Inch Squars of each Metal Yusicated.

Test Fluid B Pi-2-Sthylhexyl Setacate (PRL 3370
Pherothianine Concc-iration. Wt.% Hone (1) 0.5 .AO 2.8
Wt.% Volatile Products 7 e 7T 1 -
Mols 05/426 Gus. Fluid 1.3 L3 1,2 X6

% Charge in-Cs, Visc. at 130°F. 139, 26«6 32

Heut. No. Increase, Mg, KCi/Gm. Fluid 19.8 16.7 413.2 7.5
¥.% 051 Insolubles 0.1 0.8 10.9 0.8

W. loss (¥z./53. Ca.)

Copper 0.0 0.07 +0.17 +0.18
Steel 40.62  40.23 0.05 +0.05
Ahmimm 0.00 0,00 0.00 0.00

These data indicate tkat trace dirtiness of the type now noted
with ihe use of Spec. MIL-1-7803 in the region of -200* to 350°F. may be
encountered .with relatively small quentitiss of cxygen at 500°F. due to
the presence of phenothizcine., For use in sealed “systems, a small con-
centration of a hindered phenol typs inhibitor to protect the Lydraulie
£1uid in shelf 1ife storage but which glves escentially no apparent high
texperature oxidation protecticn, may e more desirable for esters than
pheriotliiazine or other amine fype irhiditors.

3. ZEffect of Tricresyl Phospghate on High Tesverature raulic

Fluid Dirtinsss. Tricresyl phosphate is a commonly used lubricity additive
in hydraulic fluids and jet engihe lubricants. The advantages of tri-
cresyl phosphale in esters as a lubricity aid &b 500°F. in the Vickera
vane type power steering pump are demonstrated in this report. The

effact of tricresyl phosphate, as well as various alkyl acid .hosprates
and phosph.bes. or the oxidation stubility of esters at 500°F. has buen
deterzined. is study will be digcussed in some deteil in the section
on jet engine oi]:s. The effect of tricresyl phosphats on chenothiazine-
intdoited di-2-cthyineyi sebacate in 500°F. oxldaticn teuts is su—arized
on Table 9.
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Table ¢
EFFECT OF TRICRESYL PHOSPHATE O OXIDATION AND CORROSION AT 5CO°F.

Test Conditions: Test Time = 20 drs.; Air Rate = 5% 0.5 1./hr.; Test _
Fluid Charged = 100 ml.; Catalyst = a 1 Inch Squate of Each Metal,
Test Fluid » 0.5 W.% Phenothiazine in Di-2-Ethylhexyi Sebacate.

L L

o~ ~ g B ~
1-3cressl Phosphate, WL - 1.0 5.C

% Visc. Change at 130°F.
“»1 Insol, Rxoved +4, +37 ~118
Toopeniane Juzol. Removed + +12 +79

HNeut. No. Increase, Mg. XKOH/Gn. Fluid 15.2

W.% 011 Insolubles 0.1 2.2 3.6
Catalyst Loss (Mg./Sq. Ca.)
Copper

Steel
Alwsingm

These data show that under oxidation conditions the tricresyl
phosphate contributes substantially to fluid dirtiness at 500¢F. This
dirtiness effect in 347°F. oxidation and corrosion tests has rot been
clearly demonstrated. At 500°F., however, tricresyl phosphate produces
considerably corc insolubles than shenothizzine.
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The undesirable effects of these additives demonstrated by
Tables 7, 8 and 9 show that, at 500°F., it is not a simple problea to
obtaln froz= additives a sizeable safety factor in lubricity and oxidaticn
without Jeopardizing certain other fluid p.operties. These data point
up the desirability of knowing the minirmm requirezents of the scrvice
application at high temperatures $n order to develop the test overall
fluid:

4. Slide Valve Sludging Tests. The Wright-Air Develomment
Center, Materials Laboratory, requested this Laboratory to study the
effect of oid oxidation on the operation cf close clearance slide
valves in hydraulic systems. It was indicated that hydraulic slide
valves are made to clese tolerances and are located, in sexe cases,
in the bot mortion of the hydraulic system. In many cases, the sligde
valve must move freely aftcr remaining in one position for extended
periods in the presence of the hydraulic fluid at elevated teamperatures.
Thus, the slide valve appears to be one of the pore critizs:l aress for
sludge or lacquer formation to cause malfunclioning cf the hydraulic
systea. The average clearance between the piston lamds and the cylinder
barrel is of the order of 0.0001 to 0.0002 inch ¢ the radius.

Two conmplete slide valves were obtained from North Azerdcan
Aviation, Inc. through the Wright Air Develupment Center. This .
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Laboratory does not have adequate control equipment for operating the
slide valves as a poition of a hydraulic system mock-up. In addition,
operating temperatures avove those of conventions® hydraulic systems

were desired for this laboratory investigation. Operation of the slice
valve at high temperalures was simulated by removing the barrel and piston
assexbly from the housing and immersing this assembly in a bath of nydraulic
fluid exposed fo accelerated oxidation conditions. Tne piston-barrel
assextly was mounted in such a manner that the piston could be moved back
and forth in the barrel during the oxidation test with a Lalance arrange-
rent for the quantitative reasurement of the force necessary to effect
rlston mezent.

the construction details of the constant temperature bath, the
slide valve holder, and the piston yoke and balance arrangenent are given
in report PRL 5.8-Sep53. The apparatus is designed to operate over a
texperature range of 100* to 600°F. The unit can be used for thermal
stability tests as well as oxidation and corrosion tests. The air for
oxidation, angd the inert atmosphere (nitrogen} for thermal stability,
can be introduced under the surface ol the test fluid or passed through
the free space above the test fluid. Problems encountered in moving the
piston with a s=all unbalanced force are discussed in repcrt PRL 5.8-Sep53.
With proper 2ligrment ard adjustment, an umtalanced force of 5 to 10 grazs
is sufficient to move the piston in either directicn with a typical umused
hydraciic fiuid.

The tests were conducted at the indicated tempersiures using a
fluid charge of 500 m1. This quantity of fluld was suficient to ixxerse
totally the slide valve assenbly ir the fluid. A total air rate of 20
liters psr hour was introduced ab the wats of 10 liters per hour through
each of two steel inlet tubes located about nidway betweén Lhie end of the
bath and the end of the slide valve. The location of the air imlst tubes
is indicated in Figure 7 of report PRL 5.8-Sep53. The inJet tubes were
=xtended to within one-quarter of an inch of the Lottom of the tost fiwid
reserveir. In this manner, the fluid receives adequate stirrdng from the
air strean. A value of 2C liters psr hcur totsl air has been chesen ic
zatch the severity of the slide valve oxidation test with that cf the =cre
conventional Spec. HII~1~7808 t;pe oxidation test convertionally used by
this Laboratory for oxidation and corrosion tests at 347¢ to 50D°F.

Thermal statility tests were conducted by sweeping nitrogen
over the top of the fluid and by bubbling nitrogen intc the fluid in the
sare panner described above for alr. Bubbling the nitrogan through the
liquid does not appear to be an adequate test procedure for thermal
stability. In aczme cises wnere nitrogen was bubbled through she fluig,
Lhere were signs of significant oxidation of the fluwid. A test illustrat-
ing this phencrenon is included on Table 10. The method of passing
nitrogen over the surfaca of the fluid is preferred for thermal stability
tests. Between tests, the slide valve was cleaned by heating and brushing
th: coated parts of the slide valve in a solvent consisting of a 50-50
xixture by volume of benzene and pyridine. This solvent was fairly
effective in recoving the sludge ard lacguer-like coatings frem the
barrel and piston ascembiy. It should be emphasized, however, that the
coatings were not coxpletely removed in any of the tests, although in
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zost cases, the coatings were effectively rexoved frcs tke piston lands
ard cylinder barrel where clearance is critical.

Two general patterns have been followed in the slide valve
exercise durinrg testing. In one case, the slide valve was measured every
hour for the force necessary to producs motion in the piston, while in
the second type test, the pistcn was allowed to remain staticnary for
easentially the entire test and exercising was attempted only at the end _

of “he test period.

The data taken from the various slide valve tests are shown on
Tab~ 10 azmd Fizre L. ‘the data on Table 10 iliustraie buil the ¢id
oxidatsion behavior and the slide valve exercise characteristics. In
this series of tests, a value of over 500 grams reguired to rexove the
piston is considered as failure or unsatisfactory behavior. The normal
value for moving the piston with a fresh ester-base oil is 10 to 20 grams.
Thus, it can be seen that a 50 fold friction increase is considered the
criterion of failure.

The properties of viscosity and pexfiralization meber change and
sludge formatlon are indicative of cxidative deterioration. Probably the
rost important of these property changes to the operation of a slide valve
is the sludge formation. The metal test- bath does not lernd itself to
quantitative cleaning for sludge measurezent. Therefore, the measurement
of isopentane inzolubles has beex used to give 2 relative value for oxida-
tive éeterioration. It can be seen by coxparing the o3l insoluble sludge
with the icopentane insoluble material in 500°F. oxidation tests for di-2-
ethylhexyl sebacate, as given in report PRL 5.8-Sep53, that the isopentane
jnsolubles greatly exceed the oil insolubles at low values for sludge.
Isopentane insolubles might be czlled potential sludge, in this case. The
isopentane values are listes, therefore, a. 2n approximate indication of
shudge formation.

The tests on Table 10 arc listed in chromolegical order. This
is an important point for discussing the results. The arnuler clearance
of the new slide valve agsexbly was of the order of 0.000% ¥ 0.0002 inch
on the radius. At the end of test 12, with the seme slide valve, the
clearance was of the order ¢f 0.0010. It can 21s0 be noted in the sequence
of tests that 10 and 11 are more severe than tests 3 and 4 using the same
test fluids tut tests 3 and 4 failed where tests 10 and 11 did rot, The
piston cylinder wall dimensions were no% measured after eack individval
test. On the basis of weight loss of the piston and cylinder barrel and
viswal cbservaticn, it is estizmated that data for tests ) through 12
aprear to be ruch better than predicted frcm the previous tests. As a
further check, a test with the phenothiazine inhivited di-2-ethylliexyl

bacate has been ducted with a d slide valve piston and barrel
assezbiy. The initlal clcarance for the piston and barrel assembly is
0.0001 to 0.0002 inch on a ragius. The data for Lest 13 show the faflure
anticipated frex tests 3 and 4. Thus, the conclusicns must be drawn
caref2dly from these data to allox for the change in clearance during
the tests.
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Tests 1 and 2 are designed to simulate the severily of Spec.
KI1-1~7808 oxidation and corrocior tests. The values of the oxidized
oil indicate the same severity as the Spec. HIL-L-7608 oxidation and
corrosion test. The pistcn in test 1 was exercised hourly coxzpared
with exercising only at the beginning and ~nd of test 2. Both tests show
1ittle or no increase in the emount of force necessary to move the piston
during the course of the test. The piston and barrel show some evidence
of stxining bul no evidence of siudging and lacquering during the test.

Tests 3 and 4 are 500°F. cxidation and corrosion tests designed
in sever-uy %o simalrte the Spec. KIL-L-7802 type test at 50°P. using
5 1iterc o~ al. per !-ur, i.m., the tests described in.Tabies 26 througa
33 of repsrt PRL 5.8-3ep53. Tests 3 and 4 caused a rapid increase in
friction and in the force sstessary to operate the piston in 10 to 15
hours of test time. The force necessary to operate the piston as a
function of time is shown on Figure L. The piston could be moved with
difficulty at the terminaticn of the S5(0°F. test. On cooling to rooam
temperature, the piston was stuck and had to be drivsn from the berrel,

It was alsc noted that the deposits frum tunese test: wers in
the form of a lacquer on the metal parts. This lacquer could be chipped
off with a fingernail. The troublescme build-up of deposits appeared to
be in the exposed portion of the piston barrel. There was not much evi-
dence of lacquering in the close clearance porticns between the piston
lands and the cylinder btarrel. Following test 4, a method was devised
for rexoving the piston froz the cylinder barrel whils hot to prevent
the sticking tered on cooling. This was done by ;:hanging the
method of clamping the cylinder barrel to the bottem of the bath.

Tests 5 and 6 are 500°P. thermal stability tests with pheno-
thiazine-inhioited di-2-ethylhexyl sebacate. Test 5 was conducted by
bubbling nitrogen at z total rate of 19 liters per kour (5 2iters per
hour frem each tube) through the fiuid. This resulted in flwdd property
chenges indicative of oxidaticn rather than therzal stability. The air-
fluid contact at the fluid surface was not effectively excluded oy the
test in which the nitrogen is bubbled through the fluid. The ixvel of
final neutralization muber and sludge forma.ion are indicative of oxi-
dative deterioration.

Test 6 was conducted with a nitrogen rate of 20 liters per
hour passing over the surface of the liquld. Tke fluid properties
from test 6 are of the sane order of =agnituds as those expected frem a
simple thermal stability test conducted in a sealed glass tube under
similar conditions of teuperatire and iime. It hes been moted in tes.s
of the type where the gas is passed over tke surface of the liquid rather
than bubbled through it that there zay be a temperature gradient of 10*
to ZD°F. betwsen the bottem of the fiuid and the surface.

There is a considerable increase in friction noted in the slide

Salve assexbly in test 5 where oxidative deterioration is indicated. There

is no evidence of increased friction in the slide valve assezbly for test
6 which appears to be a purely thermal stability tost.
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Test 7 was conducted as a rough check on the recults from test
5. In this test, 5 liters of air were passed over the surface of the test
fluid. There is evidence of conside:rable oil oxidation in this test,
indicating vhat it is nul mecessary to bubble the air directly irto the
oil to obtain oxidation. This test is obvicusly less severe in temms of
oxidative deterjoration than the tests in which larger voluzes of air are
bubtled directly into tie oil. Test 7 does cause the formation of the same
\vpe of hard lacguer-like coating on the metal paris and does result i a
hish increase in friction in the slide valve.

Test 8 is an oxidation test conducted at 400°P. to determin2 the
effect of teapcratvre on siudge characisr and slide valve friction. The
LOC+¥. test prcduned sludge without much evidence of the hard lacquer for-
patica noted on the metal parts in the 500°F. test. There wzs no indica-
tion of increased slide valve friction in this LOO°F. test.

It should be noted from the data on Table iG that éach additional
test requires more severe conditions to cause failure of the slide valve.
This fact should be taken into consideration in the discussaun of tests 8
through 12, particularly. The gradual change in slide valve failure with
sludge formation is attributed to the gradual increasing ciearance in the
slide valve piston barrel assembly brought about by fluid corrosion as
noted on Table 10 and hy mechanical ercsion in the cleaning process of
the lacquered parts. The LOO°F. test produced a iarge gquantity of soft
sludge tut little evidence of hard lacquer-like deposits on the metal.

This is believed to be significant.

Tests 9, 10, 11 and 12 have been conducted at 500°F. with a
cozplete ester-base formulation (PRL 3161), & well refined maphthenic
mirerat oil fraction, and phenctihiiazine-inidbited di-2-ethylhoxyl schacote.
These tests were continued to a point of very severe cxidation and sludge
forzation., In all of these tests, an objectiorable type of iacguer-like
coating was observed on the slide valve surfaces These tests, in general,
did not show the expected friction increase. This is believed to be due
to the increased clezrance of the piston in the cylinder-barrel. As a
check cn the inportance of bearing clearance, test 13 has been conducted
with phwothiazine-inhibited di-2-ethylhewy) sebacate at 500°F. using a
new slide valve assexbly of 0.GO01 to 0.0002 inch clearance. Failure
in this test was similar to the type of failurés noted with tests 3 and 4.

No appreciable change in slide valve fricticn has been noted with
phensthiazine-inhibited di-2-ethylhexyl sebacate within the stable 1ife
of the fluid in a Opec. MIL~1~7808 oxidation and corrosion test. Relatively
severe oxidation of the ester at 500°F. causes a iarge increase in slide
valve friction. The friction increase is attributed to the formation of
2 hard lacguer-like deposit. Friction increase in the slide vaive appears
to be a strong function of piston-cylinder barrel clearance. in increase
in annular clearance from 0.0002 to 0.001 inch may mean the difference
between friction increase and nc change in friction under the saze 500°F.
oxidation and corrosion conditions. Severe oxidation of the ester at
L00°F. does not result in increased siide valve friction probably because
of the lack of lacquer forzation on the slide valve surfaces.
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Studies with mineral oil and PRL 3161 ester-base lubricants
were carried cut after the anmilar clearance of the siids valve was
increased by wear, Thus, a critical evaluation couid mot be made, I
is evident, however, that under 500°F. oxidation conditions, the mineral
oil and PRL 3161 do not appear to be much worse than the ester in the
forzation of a hard lacquer type coating.

It should be emphasized that these tests were conducted in a
static fluid bath, Thet is, there was no flow through the siide vaive.
Under *hege static conditicns, tlere is no indication that the trace
dirviness noted «{il Spec. MIL-1~7808 fluids and sometimes atiributed to
rherothiasine ic cavsing increased fricticn. Under ficw comiiticne trace
dirtirers could be more ytoublesome since the small pliston-barrel wall
clearance would be expected to act as a filter to remove solids frm argy
leakage through the annular clearance,

Ne further work is contemplated on the slide valve piston and
barrel assexbly unless recuested bty the Air Ferce. It would appear that
2 new pisten and barrel would bt required for each tect, at least in the
cz2se where the test shows a large friction increase or metal coating., A
test of this type might be developed arourd a Bosch diesel fuel injection
pp piston and barrei assechly. These assemblies would lend themselves
to the sazme type balance apparatus used for the slide valve. It is
indicated that thne Bosch piston and barrel assembly are manufactured to
a select fit of 0.00004 inch tolerance. This fit is better than the 0.0001
inch value noted for the slide valves,

5. Interrelation of Copper—Beryllium Alloy and Oxidation 2l

Corrosion Deterioration. The Haterials Laboratery of the Wright Air
Development, Center has requested that this Laboracory investigate the
effect of copper-beryllium alloy on the oxldation stabiiiiy of hydraulic
fluids and Jubricants as well ac the corrosive effect of the flulds cn
e =iivy. The Materials Laboratory has furnished this Laboratory with
fifty, cne-by-one inch test specimens of copper-teryllium alloy. It
has been irdicated that copper-beryliium is one of the metals of con-
struction of high temperature hydraulic systems. It is the purpose of
this preliminary study to compare copper-terylliua with pure copper.

The corrosion of copper-beryllium alloy in the Spec. Hil-l-6387
oxidation and corrosicn test is shown on Table 12. Corrosion values for
various cther metals cf construction are also shown for comparison., These
data indicate that there is no significant corrosion of the copper-beryliium
alloy under these test conditions. It should be noted that copper also
shows no significant corrosion in this test.

The effect of copper-beryllium on the stable life of di-2-ethyl-
hexyl sebacate ot 347°F. has been determined. Test fluids contain 0.1 or
0.5 weight per cent phenothizzine as the anti-oxidant. The test fluids
have been subjected to a stable 1ife test at 347°F. That is, the test is
continued until fluid- samples indicate a rapid increase in neutraiization
mzber with test time. Stable life values obtained, alorg with similar
values for steel and alwminum, are shown in Table 11 and Figure 5.
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Table 11

REFECT OF COPPER-ESRYLLIWM ON THE STABLE LIFE
OF DI-2-ETHYLHEXYL SEBACATE

Approx. Stable 1ife, Hrs.

0.1 Wt.% 0.5 W.%
Catalyst Metal Phenothiazine Phenothiazine
No Catalyst iz5 350
“opper 20 20
Coppor-Ber, i 30 300
Steel 1ns -
Aluminum 120 -

These data indicate that copper-beryliium alloy does effect a

reduction in the stable life of phenothiazine-inhibited gi-2-ethylhexyl

te , this veduction appears to be scmewhat less than that
jncurred with copper catalyst.

These tests have been continued past the stable life of the-
test fluid. That is, the final neutralizatjon number and the viscosity
jncrease are relstively high, indicating oxidative detericration of the
test fluid. It is interesting, therefore, to observe the corrosive
effect of the test fluigds on the catalyst metals. & summary of the
properties of the test fluids and the catalyst corrosion is shown in
Table 13.

In these tests, the copper-beryllium tends to be coated. The
copper becomes scmiwhat corroded. It should be remembered that these
tests were continued beyond the stable life of the test fluid.

Specification MI1~-L~7808 oxidation and corrosion tests (347°F.,
72 hours) have been carried out with sozme synthetic gear lube type fluids
in the presence of copper-beryliium catalyst metal. A deacription of the
test fluids used foliowss:

(1) PRL 3207 is 2 di-2-cthyihexyl sebacate-phenothiazine blend.

(2) PHEL 3161 is a Spec. MI~1~7808 type synthetic gear lube
containing tricresyl phosphate.

<
e

PAL 3313 is a commerciaily preparcd symthetic fluid
containing tricresyl phosphate and Orthclews 162

(L) PRL 33134 has the same composition as PRL 3313 but was
prepared from stocks available at this Laboratory.

A suzmary of the fluid properties and catalyst conditions
following the test is shown on Table 1k.
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Hith test fiuids PRL 3207 and PRL 316}, .there is o corrosion
of any of the catalyst metals, and copper-berylliez appears ¢o have no
effect on the oxidative behavior of the test flulds under thesc condi-
tions.

It will be noted that, in the case.of PRL 3313 and PRL 33i3A
test fluids, the original neutralization number is relatively high.
These two sazples had been stored in sealed conteiners at rocu tewnera~
ture £o> 2pproximately 18 months pricr to the test showi, The phenssescn
af neutradization mumber increase with storage time for flulds containing
acid phespnate tyre rdditives (Ortholeum 167) has bern discussed in
previcus uporys. .-ch Lfiuid PRL 3313A shows high copper scroosion it
no copper-beryliium corrcsion. Test fluid FRL 3313 shows.high copper—
berylliuz corrosion. It should be pointed out that this commercizi batch
of FRL 3313 bas shown a tendency to corrode metals in previous tests.
That is, tests conductea with this fluld when it was first received by
this Laboratory showed copper, steel, and magnesium corrosion under the
Spec. HY'~1~7808 oxidation and corrosion conditions.

Tests have been conducted abt 500°F. fer 20 hours with di-2-
ethylhexyl sebacate containing 0.5 weight per cent phenothiazine (FRL
3207). The results of these tests are shown on Table 15. Their
relation to the copper-beryllium catalyst are the same as those dis-
cussed previously for test fluid PRL 3207 at 347°F.

The investigation of the effect of cepper-boryiiica on
Igdaulic flvids and lubricants has been extended t6 in¢lude kineral
cil compositions. The test fluid for these studfzc id a highly refined
naphthenic mineral oil (Voltesso 36, PRL 3456) laving a viscesity of
approximately 9 centistokes at 100°F. The-{ests have tsen conducted
at 347°F. for 72 hours. In one series of tdsts, 2 hindered phenol’iype
of anti-oxidant (Parancx 531} is used. 1In the d2cond seb of tests, a
hindered rhenol type of inhibitor (Antioxidant-2246) combired wist -
dimethyl acid phosphite is used. The <2fect of this inkibitor combina-
tion on the oxidetion stability cf Jireral oils is discusded in the _
gection of this report concerned with jet ¢ngine lubricants. A sumzary
of the results obtained in these mineral 512 studies is shown in Table if.

It should be noted that the tests with the fluid containing
only Paranox 441 as the oxidation inhibitor appezr to have exceeded the
stable life of the tost fluid. That is, the viscosily change ard the
neutralizaiion mmber increase indicdbe incipdent oxidation. Omdy copver

shows any appreciable arcunt of corrosion in these tects. Copper-berylliwe,

either alone or in conjunction with the other metals is not corrcded under
these test conditions.

- In the tests containing the dizethyi acid phospaite, the test
fluid 15 stable to oxidative deterioriation for the 72 hour test perizd,
The coatifiz noted for the catalyst metals is typical for fluids contain-
ing dimeéthyl acid phosphite.

In conclusion, the data indicate that copper-beryllium alloy
does have soms.effect on the oxidation statility of hydraulic fluids and
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Table 12

EFFECT OF METALS ON OXIDATION AND CORROSION CHARACTERISTICS
OF DI-2-ETHYLHEXYL SEBACATE

Test Procedures and Technigues in Accordance with Spec. MIL-1-6387

Test Conditions Include: Test Temperature = 347 X 3¢F.; Test Time =
72 Hours; Air Rate = 10 X 1 Liters per Hour; Test Fluid Charged =
100 ml.; Catalyst = a 1 Inch Square each of Metals Indicated.

Tect Fluid: PRL 3207 = Di-2-Ethylhexyl Sebacate + 0.5 %Wt.% Phenothiazine

Test Flwg [ -—-=---- - PBL 3201= == =~ - =
Liguid Ieoss, W, % 3 3 2 :
% Change in Viscosity:
at 130°F. *3 +3 1
at O°P. +6 +7 +2
Neut. No. (Mg. KOH/Ga.-0il): ’
Original ) 0.1 6.1 0.1
Final 1.5 0.8 1L |
A.S..H. Union Color: - 1
Originel 2 2 2
Pinal >¢ >g >g |
¥t.. % Insoluble Material 0.3 0.5 c.3 1
Tinal Catalyst Condition: 1
Appearance: 4
Copper Dl - - ‘
Steel Duli - - 1
Aluminum Dal2 - -
Hagnesiwm Dl - - !
Lead~Indiwm il - - 1
Lead - Corroded - ]
Copper-Beryllim - - D} |
W. loss (Mg./sq. Cm.): I
Copper +0,02 - - 1
Steel +5.G3 - - i
Aluninug +0,02 - -
Magnesiua 40,01 - -
Lead-Indiwa +0.06 - -
Lead - 9.7% -
Copper-Berylliux - - 0.05
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Tabie 13

COMPARISON OF THE OXIDATION STABILITY CF DI-2-ETHYLISXYL SEBACATE AT
347°F. IN THE PRESENCE OF COPPER AND COPPER-BERYILIWM

TIST PROCEDUAE AXD TECKNIQUES 1N ASCORDANCE WITH SPEC. MIL-L-6387.

€™ COMDITIONS INCLUDE: TEST TEWPERATLRE = 347 4 3°F.; TEST TIME AS INDSCATED; AIR RATE = [0 4 1
LITERS PER MOUR; TEST FLGID CHARCED w 100 ML.; CATALYST m A | INCH SOUARE
EACH OF THE PETALS INDISATED,

TESE FInid = = = DI-2-TYMYLAEXVL SEBASRTE {Fal 337') « -«
PHENOTHIAZIRE COXC,, WI.% 0.1 0.1 2.5 0.5
TOTAL TEST TIKE, hiRmS 27 u 287 380
APPROX. STARLE LIFC, KOUR 20 0 214 310 .
TEST TINE BEYOND STARLE L fc KOURS 7 [ B
% CHAKSE 1X VISCOSITY
AT 150°F. +t2 +17 +103 +81
AT TO°F. ~28 +42 2r 222
NEUT. NO. (MG. KOMfGM. OIL):
ORASIAL 0.1 0.1 0.1 0.1-
FINAL 2.0 9.3 36.5 3.9
A.S.T.M. UXIOX COLOR: - .-
ORIGIXAL 2 2 2 2
FIRAL >8 >3 >8 >8
¥T.5 OIL INSOLUBLE MATERIAL 0.1 0.1 1.9 [ .
FIRAL CATALYST CONDITION
APPEARAXCE -
AL - CORROTED -
COPPER-EERVLL 11 - oL -~ COATED
¥T. LCSS {MS./S0. CN.) .
COPPER 0.12 - - 0.2t -
TOPPER-BERYLL LM - 40,02 T . +0.29
WADC TR 55-30 Pt 3 -37~




Table 14

S STUDIES OF THE EFFECT OF CCPPER-BIERYILIUM OH OXXDATION AND
CORROSICR PROPERxEv OF VARIQUS FLUIDS AT 347°F.

TEST FROCEOUSE AXD TECKXIQUES UK ACCOOOANOE WITH SPEC, MIL-1-6367.
TEST CONDITIONS tECLUSE: TEST EMPERRTGRE ~ 347 + 3°F.; TEST TIFE = 72 KOURS; AIR RATE = .0 4 |
LITERS PER n0uR; CATALYST m A 1 INCH SQUARE TACh OF KETALS INDICAED.
TEST FLOID: 7T 1207 = 0.5 WT.% PHEROTNIAZINE {% DP-2-ETAYLEEAYL SESACATE.
F3t 3161 o SPEC. KIL-L-J803 TIPE FLMD GTAGRIKS 5,0 7.4 TRICRESYL PROSPEATE.
$RC 3313 = COMKERCIALLY PREPAFED SEAR LUSRICANT CONTAININS 5.0 W% TRICSESTL
PHOSPEATL 3K 0.5 V1.2 SRTEOLES |
PRL 33 = SANE CORKPCSITION AS FRL 3313 50T PRIPARCS FR™M STOSYS AYANLABLE AT
THIS LASSRATOST,

[

Vaas e

=
F*.m £, 3207 PRL 3161 PRL 3313 PRL 33134
BATCH 538D | SATCR 592!
—
LI0 Loss, Wi 3 2 2 3 3 4 3
CUANGE I FISSERATY
AT 33087, 3 + -3 +5 +20 -3 +3
T f. -g 2 +7 +5 SOLID +18 +14
XEYT ¢ %3, (K5, xofed. diL): '
- IRISINAL 0.1 0.1 (& 0.2 72 5. K]
FIRRL 1.5 1.4 2.2 1.5 74 5.0 53
AS. t M.r UK10M COLOR
TRIGIFAL 2 2 2 2 2 3 3
FIRAL >6 >8 >8 >3 >3 >8 >8
VT DIt IRSUBLE MATERIAL c.3 | 0.3 0.2 0.1 0.9 1.5 0.3
EIKAL CATALYST COX9ITIOX
APPEARAICE
COPPER-BERYLLILM -~ Jooa <} oo ] comrooen - ) o
COPPER smL - oIy - CORROVED -
STEL [L18 - § oL - - oL -
i Lt - oL - - oUL -
MASRES 1T oL - | L - - CORROVED -
¥I, 1085 (n5./s0. ox.}
COPPER-SERYLLIDM ~ |o.05 -~ [+0.02 21.0 - 1+0.05
COPPER 40,02 < ] +0.0% - - .00 <
STEEL +0.03 - | +0,05 - - 0.03 -
ALTMIXTY 40,02 - | 0.2 - - 0.00 -
MASRES 1IN +0.01 - | +0.05 - - 0.81 -
E
3
WADC TR 55-30 Pt 3 - 38 -
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Table 15

THS SFFECT OF VARIOUS HETALS OM Thi U-IDATION AND CORRGSION
SEBACATE AT 500°F.

PROPERTIES OF DI-2-ETI

TEST PROCFOUPE AND TECHNIQUES 12 ACCORDANCE WITH SPEC. MIL-1-6397.

TEST COX3ITICES INCLUOE: TEST Y('ﬂ?{m‘c‘i -

500 & 5%F.3 TEST TIME = 2C E3RS; ALR PATE =

5 & v.5 LITERS PER BOZRE TEST 'FLUID CEARGED = 100 Kl.;
CATALYST « A 1 1%C2 S9! uARE EACH OF THE METALS II‘JIM\'ED.

l TEST VI

0.5 WT.3+ PREXOTHIAZINE 1% N~§~ETEYL-

Lids » roAn e, GRAY
L1330 o585, Wb

APPROX, ANOSNT 0 SIFPLIED, ﬁ.("
APPREX. AMOINT C USER, G

NOLES Op USED/MLE RLUID (426 siws)

13 m!et 1X YISCOSITY
PENGYAL OF OIL-INSCLUZLE MATERIAL'2)
N l‘- 130°F.
-~ AV 7 e
mnlm-- OF ISOPEXTAKE IxsteTaLe sATERIAL!Y)
T 15008

UL, K. (K5. KEafeX. O1L):
oRISInAL
FlaaL

WT.% oIL txsorvste meTeiaL(2)
NI% ISSrEATAR. sxsteusie mareRia(3)

FIXAL CATALYST COXDITION
APPEARAXCE
CXPER
STEEL
P |

LTS

COPPER-SERTLLILN

VT, LGSS {K5./5. C5.) .
SR
.STESL

Ll
COPPER-3I" V1T
Lex

REXYL SESACKTE (PRL 3425
90.5 £33
? 2
26.2 26.2
5.8 1.6
T 0.8 0.b8

pYYs +

| &
+ «15
0.3 0.1
15.4 125
0.1 0.2
4.8 3.6
AL -
14,18 -
BRISHT -
- ) CATEd
6.10 -
0.07 -
9.00 -
- +2.10

1.2

-
.

SAXRLING OF EXRASY £ASES AMD AZALYSIS FIR

{2;

=

£F TEST.
REIGXINS.
THE ISWIRTAY lESTiie

TEE ISOPEFTARE TASOLUBLE MATZRIAL.

{3

-39 -

AMSUNT CIYGEW SUPPLIED CALCDLATED AS FOLLOYSz AIR RATE (L./AR. AT 3.T.7.) X TIN (WR.) 1
O, CONTEMT (FRASTION) X 1,43 (GM.fLITER). AmOTNT OF OXVGEN LORSWEL DETERNINED u FREQTENT

02«
OIL IRSCLUBLE MATERIRL 15 REPSVEC BY CEXTRIFISING OXICIZED FLUID IMEDIATELY lﬂ'li COMFLET 